In order to shed light on saturation property of strange quark systems, energy properties of multiQs cluster systems are studied for baryon number A,,;24 in the constituent quark model, where Qs means the (ls)'8-closed·shell state of u, d, s quarks. Effects due to the one-gluon-exchange and the confinement are incorporated in a potential form. We have found such a general trend that the interQs relative energy increases as the clusters tend toward a compact shell-model like configuration, and the total energy is always higher than the sum of the internal energies of Qs; there appears no sign of energy gain beyond the s-shell region. This implies a tendency against the notion of absolutely stable strange matter. § 1. Introduction
The possibility of absolutely stable strange matter pointed out by Witted) has recently attracted much attention. Farhi and J affe 2 ) studied its properties in detail in the MIT bag model.
)
Prior to this, it was shown by Chin and Kerman
4
) that, although the strange quark matter (hereafter abbreviated to SQM) is higher in energy than the nucleus, the s-quark mixing with the strangeness S ~ -(1 ~ 2)A considerably pushes down the energy of SQM per baryon, E/A (A being the baryon number), making long-lived strange multi-quark droplets possible. Other possibilities of metastable quark exotics were also examined. 5 ) Observational researches to find the evidence of SQM are now going on, but further studies are needed to get a definite answer. 6 ), 7) The calculated values of E/A of SQM in the bag model are sensitive to the model parameters: the bag constant B, the color fine structure constant as and the mass of the s-quark ms. As a general trend required to reproduce the hadron spectra, the larger as is needed for the smaller B.
3 ), 8) With different combinations of these parameters, the calculated values of E/A are in considerable variation. For example, the minimum of (E/A -mN) versus density (mN being the nucleon mass), ranges about 80~ 120 MeV with Bl/4=145 MeV and as:::':2.2, while about 430~470 MeV with Bl/4=228 MeV and as:::': 0.7, for the SQM of mu=md=O and ms=100~300 MeV for an equal number of u, d, s, in which the effect of one-gluon-exchange (OGE)is taken into account. 9 ) The large value of B1I4 used in the latter case has been shown to be more favorable than the small one in order to reproduce the hadron spectra. 8 ) Because of this large ambiguity, some approach from another point of view seems meaningful to shed light on the problem, whether or not SQM is the true hadronic ground state.
In any approach, as far as the energy properties of SQM are studied with the information about the systems with small A (mainly the baryons), we are faced with the saturation property of strange multi-quark systems, namely, the A dependence of E/A as the system becomes larger. In the saturation problem, a key point is to understand at what particle number a minimum subunit with the saturation property is formed. In nuclei, the a-particle is such a subunit in the sense that its binding energy per nucleon amounts to about 7 Me V and the additional one (;:::; 1 Me V) is obtained by the fusion of the a clusters into the shell-model-like ground state. 10 ) The saturation is almost completed up to 16 0, and beyond that, when the surface, Coulomb and symmetry effects are removed, we have the matter value of about 16 MeV.
In this paper, taking a parallelism with such understanding of the nuclear saturation mechanism, we study the energy properties of light strange multi-quark systems from the viewpoint of quark clustering based on the constituent quark model, where the (ls)18-closed-shell state (here denoted to Qs) is taken as a building cluster. Qs is, however, a hypothetical subunit composed of the equal number of u, d, s, which serves for studying the saturation property. As a building cluster in the saturation problem of strange matter with 5;:::; -A, theA-particle or even the H-particle may be a candidate. But multi-particle systems composed of them are of hadronic nature, and their E/A never be lower than ,mN.
ll ),12)
The aggregates of Qs can be smoothly transformed to multi-quark systems including some light closed-shell states, when Qs overlap largely. This is the reason why we use Qs as a building cluster, in addition to the simplicity in treating exchange effects. 13 )
Our chief aim is to see whether or not the decrease of E/A appears as the number of Qs (NQ) increases. The energy of Qs (e Qs) per baryon is larger than mN by about 450 Me V mainly due to the color magnetic interaction, whose "nonsaturating" property within the (ls)-shell states has been noted by one of the authors (R. T.).11) Unless a sharp drop of E/A takes place as NQ increases beyond the (ls)-closed-shell, we hardly expect that E/A becomes lower than mN as A ~CX), as far as we stand on the constituent quark model. In the bag model studies made by Farhi and Jaffe,2) they took theOGE effect into account for A::;;: 6, but ignored it for A>6. In this case, E/A is underestimated, especially for a small B(B 1 / 4 =145 MeV), since the total OGE effect is repulsive in the infinite matter. We take the OGE effect into account properly, because it contributes significantly even for A > 6.
Although the present treatment is limited to the light systems with N Q ::;;:4(A::;;:24 and the total quark number n::;;:72), we can find some key aspects about the saturation property of strange multi-quark systems owing to the following merits of approach from the cluster viewpoint:
(1) The states of Qs clusters include the shell-model states in the limit of full overlapping of clusters.
(2) We can clearly see the effect of a confinement potential inside the Qs clusters and that between Qs clusters, which are quite distinct.
(3) We can treat simply the interaction effects which always appear as exchange effects due to the color neutrality.
We focus attention on the following points: the shell effects appearing in the fusion of Qs into one compact system, the effects of a confinement potential and the OGE potential which have specific exchange characters, and the properties of relative (inter-cluster) energies to be added to N Q -e Qs, the internal energy.
In § 2, the configurations of Qs cluster systems we study here are shown and the formalism to calculate their energies is given. In § 3, th~ results of numerical calculations are shown and discussed. The difference between the Qs cluster system and the a cluster one in the nucleus is also discussed. The last section is devoted to concluding remarks. § 2_ Energy expressions of Qs cluster systems
In this part we give the expressions necessary to calculate the energy of Qs cluster systems in the constituent quark model.
A. Hamiltonian
We take the following Hamiltonian used in Ref. 11):
Except for the first term of the r.h.s., the quark mass is taken to be an averaged one (mq=372 MeV) for every flavor, that is, we neglect the breaking of SUA3). TG denotes the kinetic energy of the center of mass. The interaction term V consists of the static part of the one-gluon-exchange potential and a phenomenological confinement potential:
and 6i(~i) is the spin (color) operator. Here CEI (CMI) means the color electric (color magnetic) interaction:
For the systems in the Is-shell region, when their sizes are fixed, the contribution of VA=2}.i<jv(A)(rij)(~i-~j) to the energy is proportional to n and therefore to the baryon number A. The contribution of V.\cr is, however, proportional to n(n-l0) in the flavor singlet and spinless case as shown in Ref. 11) , where only the spatial matrix elements are used. In order to extend studies beyond the Is-shell by taking size change into account, we here take VcontCrij) of the linear and quadratic forms given by -kl rij and -k2 r'&, respectively.
B. Single particle and total wave functions
The single particle wave function of the ith quark is assumed to be distributed around a cluster center Rp with the (ls)-harmonic oscillator type:
where (1 denotes {Rp , a} and xa(i) the internal wave function (spin, flavor and color).
We hereafter specify individual quarks by i,j, k, "', total quantum numbers by ( The total wave function <P(1, "', n) is given by the Slater determinant,
where Jl means the antisymmetrization. 93 ap are the overlap matrix elements which are orthogonal (nonorthogonal in general) with respect to the internal (spatial) degrees of freedom:
because we are treating the aggregates of Qs saturated with respect to the internal degrees of freedom. The energy properties depend on the spatial configurations specified by {Rp; fl.= 1, "', No} through Bpv matrices. For example, the B matrix for the 2Qs system is
where o=exp{-d 2 j(4b 2 )} with the inter-cluster distance d. '4 tetrahedron (TH)
We study the systems of the following configurations with an equal intercluster distance (d) as indicated in 2 ) (b being the size parameter). When we remove the c.m. motion, the factor (n-l)/n is to be multiplied. In Ref. 11), the factor (n-<;)/n with S being taken between 0 and 1 is used to include other cases like the bag model. The correction due to the removal of the c.m. motion, however, becomes less and less important for larger A systems. Furthermore, there is another reason that we need not take this effect seriously, which will be explained later on.
Because 93 aP is diagonal for a single Qs, the potential energy is simply given by the sum of the direct and exchange terms with I representing it and ito",
By calculating the part of the internal degrees of freedom, the right-hand side of Eq. (2 ·11) is rewritten as where
In the present case, the direct term vanishes because of the color neutrality and also the spinless property:
Then, the potential energy of Qs can be written as (2'15) where We adopt the size parameter b which minimizes the total energy of Qs. Other parameters are chosen so that they reproduce the following features. The size of the nucleon is around 0.6~0.7 fm. The N-iJ mass difference is around 200~300 MeV, where some other ingredients such as the pionic one is to be added for the case of 200 MeV. In particular, we have taken into account the experimental information that the mass of the H-particle is expected to be in the neighborhood of twice the A-particle mass.
14 )
The c.m. correction affects a lot on hadron spectra because hadrons are few-body systems of quarks. Contrary to this, the c.m. correction to e Qs becomes small for Qs because of n=18 for A=6, as shown for e Qs calculated with S =1 and 0.5 in Fig. 1 . We use the potential parameters obtained by setting s=0. for quadratic confinement, where as is taken to be 1.7 for both. Figure 1 shows the energy of Qs per baryon versus b for the two cases, including the energies of the nucleon, the A-particle and H-particle, and the relevant terms contributing to the energies.
D. Overlap matrix and kinetic eneJgy of Qs clusters
When we consider an aggregate of Qs, the nonorthogonality appears in the overlap matrix with respect to the spatial part Bpv. The antisymmetrization is taken into account through the inverse matrix elements of 93 aj3, especially of Bpv. Total kinetic energy is given by (2·19) where Ia» donotes the Slater determinant of n=18NQ quarks. Because we are concerned only with Qs cluster systems, the inverse matrix is also diagonal with respect to the internal degrees of freedom: 93fjd=H;;JOba. Thus we have 7T . (1-( 2 ) for DB,
for TA,
9·1iw-7T. (1) (2) (3) (4) for LC,
for TH, 2'14), and therefore all the interaction effects come from the exchange terms. Now we can write
We call the second term of the right-hand side of this equation the relative potential energy. In order to show the essential aspects of the relative potential energy, we show the expressions for the dumbbell-like configuration of 2Qs, the simplest case:
+144· (1~O;2)2 {3J(AO")(0)+J(M)(2d)-4J(!.0")(d)}. (2·25)
It is to be noted that when J (p) is expanded in terms of p2, the coefficient of p2 is vanishing. This is true of any other configurations under consideration. Then we find the remarkable feature that the quadratic confinement potential giving the term of k2(3b 2 +p2/4) in J(p) has no contribution to <(])IVI(])rel. Even for the linear confinement potential, its very weak attractive effect does not change the situation at all. This feature is shown numerically in the next section. Such an aspect resulting from the two-body type confinement potential has been noted in the study of nuclear forces in the quark cluster model. 15 ) F. Total energy . Figure 3 shows the results under this situation. Fig. 2(a) except for the larger size parameter b=1.14 fm, the V2 times b in Fig. 2(a) . Relative energy of 2Qs and its repulsive contributions become smaller than those in Fig. l(a) , while the internal energy gets larger by 5L9MeV.
o -2
EconffA -4 Fig. 4 . Attractive contribution to relative energy of 2Qs from the linear confinement potential, which is much smaller in magnitude than Ece,,2Q,/A and the respective contributions given in Fig. 2(a) .
shows the contribution of the linear confinement potential to Erel,NQQs!A. The qualitative features are similar to all the cases shown in Figs. 2 and 3: Erel,NQQs!A decreases when d increases. The kinetic energy increases because of the lifting of 18 quarks into the p-orbits as two Qs approach. There appears no energy minimum, and two Qs do not fuse. When the size parameter b gets much larger, the repulsive parts of relative energy (kinetic energy and CMI) lower appreciably while the attractive one (CEI and confinement) changes slightly. This energy gain, however, is overwhelmed by a much larger increase of Qs internal energy( e Qs)' Anyway, two Qs favor to be separated. This remarkable feature is essentially due to the lack of the attractive direct term for the quark system, contrary to the nuclear case. In the a cluster model in nuclei, the nonvanishing direct term is attractive and causes the bounded 2a clusters sBe, when the Coulomb effect is switched off.16) Although we have performed calculations for some other sets of parameters: we have not found any energy gain for the 2Qs systems. This result also means that the system having twice the baryon number goes higher in energy per baryon than that of the isolated Qs.
The absolute value of Erel,zQs!A largely depends on the confinement potential. Erel,zQs!A for the quadratic confinement potential is about twice as large as that for the linear one. This is due to the smaller b to minimize e Qs for the former. The contribution coming from the linear confinement potential to Erel,zQs/A is minor as shown in Fig. 4 .
As another typical case, in Figs. 5(a) and (b) we show the results for the TH configuration of N Q=4(A=24), including the IP-closed-shell state at the limit d--tO. We have the same tendency, as found in the two Qs system, that E rel,4Qs/A monotonically decreases as d increases. This means that we cannot obtain any energy gain leading to the compact IP-closed-shell state. This aspect is in contrast with the nuclear case, where the IP-closed-shell state of 16 0 is obtained as the tetrahedral4a tends to a compact state as d--tO.16) As is seen in the 2Qs system, the relative energy decreases and tends to negative value as the size of Qs becomes larger, but an overwhelming increase of e Qs again makes such a situation unfavorable. We have studied the energy properties of several strange multi-quark systems composed of the Is-closed-shell (Qs) clusters in the constituent quark modeL By observing the baryon number dependence of the energy per baryon (E/A) we have found no sign of energy gain beyond the Is-closed-shell, and even the energy increase takes place if we force Qs clusters to fuse into one compact state like the shell-model one.
Appearance of these aspects can be understood on the following somewhat general background. First, the multi-cluster systems lack the attractive effect which works at small inter-cluster distance, contrary to the case of the nucleus where the attractive state-independent force works. The reason is that all the interaction effects appear through the antisymmetrization because of the interaction with the color generators to assure the total color neutrality. As for the inter-cluster energies, the attractive contribution from the color electric interaction is largely canceled with the repulsive one from the color magnetic interaction and no essential effect comes from the confinement potentiaL In other words, the strange quark systems are apt to be the aggregate of separated Qs clusters. In this sense, we may say that Qs is the minimum saturating subunit, but its energy per baryon is much higher than that of mN; it is near the value of SQM (~450 MeV higher than mN) given for the large bag constant, e.g., Bl/4=228 MeV.
H )
This implies the tendency against the notion of absolutely stable strange quark matter, because the internal energy of Qs is too high to be removed by the surface effect usually considered.
As is well known, the constituent quark model provides only short-range repulsive effect in the N-N interaction, and the state-independent attractive force like" (j" exchange effect is introduced as another ingredient. If we regard the" (]" meson as a substitute for the isoscalar-scalar type of 27r exchange between two baryons, it is not suitable to introduce the "(]"-quark coupling in spatially compact multi-quark system such as Qs itself and the Qs cluster systems with large mutual overlap. When the Qs-clusters are separated without large overlap, the "(]"-like effect may work between the Qs clusters. If we take the viewpoint that the chiral field does not exist in the region where the quark confinement takes place, we cannot introduce the (] field in spatially compact multi-quark systems. Therefore in the present work on the possibility of an absolutely stable SQM, we have not introduced this degree of fre,edom. The role of the chiral field in the energy properties of strange quark systems is a problem to be studied in future.
Although we have studied only the light strange multi-quark systems with A:::: 24, the tendency mentioned above seems to persist even in the systems with much larger A, as far as we stand on the constituent quark viewpoint. Therefore, it is a future problem to extend such an approach to the case with larger A and even to the limit of A-HX 
